We report the ultrafast laser fabrication and mid-IR characterization (3.39 µm) of four-port evanescent field directional couplers. The couplers were fabricated in a commercial gallium lanthanum sulphide glass substrate using sub-picosecond laser pulses of 1030 nm light. Straight waveguides inscribed using optimal fabrication parameters were found to exhibit propagation losses of ∼ 0.8 dB·cm −1 . A series of couplers were inscribed with different interaction lengths, and we demonstrate power splitting ratios of between 8% and 99% for mid-IR light with a wavelength of 3.39 µm. These results clearly demonstrate that ultrafast laser inscription can be used to fabricate high quality evanescent field couplers for future applications in astronomical interferometry.
Astronomical optical instruments that utilize photonic concepts [1] , such as integrated optical waveguides [2] [3] [4] [5] [6] [7] , Bragg-gratings [8, 9] and laser frequency combs [10, 11] , have the potential to revolutionize astronomy in a plethora of different areas. One such area is stellar interferometry which, by combining the light gathered by multiple widely spaced telescopes, enables imaging of celestial objects with extremely high spatial resolution (sub milli-arcsecond [12] [13] [14] ), well beyond that realistically achievable using a single telescope.
To image an object using a telescope interferometer array is a highly non-trivial task. The collected light must first be transported to a central location using vacuum delay lines. A high-speed fringe tracker is also necessary to correct for path length changes due to atmospheric conditions. Once at the central location, the transported light must be coherently combined using a beam-combining instrument [15] which analyses the mutual coherence between the light from each pair of telescopes in the array. In 1996, Kern et al. [16] proposed that integrated optic (IO) waveguide technologies could provide an inherently stable and scalable platform for beam combination. Since then, IO beam combiners [6, [17] [18] [19] [20] have been utilized in a variety of leading interferometric beam combination instruments, such as the PIONIER beam combination instrument for the * a.arriola@hw.ac.uk VLTI [17] , which operates in the astronomical H-and K-bands, between 1.5 and 1.8 µm and 2.0 and 2.4 µm respectively.
One of the primary science drivers for the future development of stellar interferometry is exoplanetary science, since it should enable high resolution direct imaging of circumstellar disks and earth-like exoplanets. These cool objects predominantly emit blackbody radiation in the mid-infrared (mid-IR) [21] , and for this reason the mid-IR wavelength band (i.e. 2.0 -12.0 µm) is a spectral region of particular importance to modern astronomy and stellar interferometry in particular. There is, therefore, a need to develop IO beam combination technologies for these longer mid-IR wavelengths.
To date, prototype mid-IR IO beam combiners have been demonstrated using a variety of platforms, including Ti-indiffusion in LiNbO 3 [22, 23] and laser written waveguides on As 2 Se 3 thin-films [4] . Both of these technologies are planar, however, which makes low cross-talk waveguide cross-overs extremely difficult. Furthermore, both of these technologies also result in optical waveguides with asymmetric refractive index profiles, a potential problem for high efficiency input coupling of light from an optical fibre.
With the drawbacks mentioned above in mind, we recently [24] used ultrafast laser inscription (ULI) [2] to fabricate a prototype 3-telescope mid-IR IO beam combination component. In contrast to other laser writing technologies, ULI relies on the non-linear absorption of focused sub-bandgap ultrashort pulses to locally mod-ify the refractive index of the substrate material. By translating the material in three-dimensions through the laser focus, ULI enables the direct inscription of threedimensional optical waveguide circuits with zero crosstalk cross-overs and highly symmetric refractive index profiles. In our earlier proof-of-concept work, however, the beam combination was performed using Y-junctions. These junctions are inherently lossy, and a useful IO beam-combiner must utilize evanescent field couplers rather than crude Y-junctions. In this work, we report the ULI fabrication and characterization of mid-IR evanescent field couplers for operation in the astronomical L-band (3.39 µm).
All structures reported in this letter were fabricated using a Menlo BlueCut fibre laser, which supplied ∼400 fs pulses of 1030 nm light at a pulse repetition frequency of 500 kHz. For our purposes, the polarization of the laser was adjusted to circular and focused approximately 200 µm below the surface of the substrate using a 0.4 NA lens. To translate the substrate (Gallium Lanthanum Sulphide (GLS) from ChG-Southampton) through the laser focus we used a set of computer controlled Aerotech air-bearing XYZ translation stages (ABL series). For the remainder of this paper, we will refer to the laser propagation axis inside the sample as the z-axis, the primary waveguide axis as the x-axis and the y-axis as the orthogonal axis to both the z-and x-axis.
A ULI parameter investigation was performed, during which single straight waveguides were inscribed using pulse energies ranging from 80 to 15 nJ (in steps of 5% variation from the previous pulse energy), and translation velocities of 2, 4, 8 and 16 mm/s. The crosssection of the inscribed waveguides was controlled using the well-known multiscan waveguide shaping technique [25] [26] [27] . In this case, 21 scans with an inter-scan separation of 0.3 µm along the y-axis were used. After inscription, the end facets of the structures were ground and polished to an optical quality finish. The guiding properties of the inscribed structures were then investigated by coupling vertically polarized 3.39 µm light from a HeNe laser into the structures using free space coupling, while imaging the output of the structure onto a WinCam3D microbolometer beam profiler. This camera is sensitive in the wavelength range 2-16 µm. The optimal waveguides within the parameter range were found to be those fabricated using 70 nJ pulses (incident on the sample), a translation velocity of 4 mm/s.
As shown in Fig. 1 , these waveguides were observed to support a single-mode at 3.39 µm, with a mode field diameter ∼22.43 ± 0.5 µm and ∼26.56 ± 0.5 µm in the y-and z-axis respectively (Fig. 1) . The propagation loss of these optimum waveguides was measured using the cut-back technique and found to be ∼ 0.8 ± 0.05 dB·cm −1 . Using the optimal ULI parameters identified above, a series of evanescent field couplers were inscribed. Fig. 2 shows a bright-field microscope image of the input facet of the two waveguides of the coupler fabricated in GLS Each of the couplers were formed from two singlemode waveguides, and each of these waveguides consisted of straight lead-in and lead-out sections, bends that were inscribed had a sine-squared form (y(x) = A · sin 2 ( 2πx 4Lc ), with A = 40 µm and L c = 3 mm), and a straight interaction region of length L (Fig. 3) . A represents the change in the y-axis for the curve, while L c is the distance in the x-axis for this lateral displacement to occur. The lead-in and lead-out sections of the two single-mode waveguides for each coupler were separated by 100 µm to avoid evanescent coupling in these sections. For all couplers, the core-to-core separation in the interaction region was set to 20 µm. While keeping all other parameters constant, 32 couplers were inscribed, using interaction lengths between 2 and 10 mm in steps of 250 µm. The power coupling ratios of each coupler were evaluated by measuring the Port 2/(Port 2+Port3) output power ratio when coupling vertically polarized 3.39 µm light into port 1. These measurements were made using a PbSe fixed-gain detector (1.5-4.8 µm) from Thorlabs. Figure 4 shows the through port coupling ratio as a function of interaction length, where it can be seen that the measured coupling ratio varies between 8% and 99%, with a beat length of ∼5.75 mm. It can also be seen from Fig. 4 that the coupling ratio would be unlikely to reach 100%, regardless of the sampling of the interaction length. This behaviour is characteristic of differences in the propagation constants of the two single mode waveguides that form the coupler [28] , a possibility that could be due to a variety of reasons. For example, it is possible that the optical properties (e.g. mode index) of the first waveguide for each coupler are directly affected but the inscription of the second waveguide -or indeed vice versa, or it is also plausible that temperature variations in the lab (∼ ± 1
• C) during the inscription process are sufficient to change the ULI parameters over the course of the experiment.
We observed that the couplers exhibited the same total throughput as a straight single mode waveguide of the same length indicating that bend losses and radiation losses in the couplers were not signicant. Based on a ∼ 0.8 dB/cm ± 0.05 dB/cm propagation loss, as measured for the straight single mode waveguides, we conclude that the couplers would exhibit a total maximum throughput of loss of ∼ 1.6 dB/cm ± 0.1 dB/cm. This of course assumes zero Fresnel reections and input and output coupling losses.
In conclusion, we have demonstrated the ULI fabrication of prototype four-port evanescent field couplers for the mid-IR region. The devices were tested using monochromatic 3.39 µm light, and were found to exhibit a clear power coupling dependency on interaction length, with a beat length of 5.75 mm. The weak dependency of the power-coupling ratio on interaction length will, in the future, enable precise fine tuning of the coupler char- acteristics for optimal operation in beam combination instruments. We believe that this demonstration, when combined with the 3D fabrication capability of ULI, will open the way towards highly stable and scalable beam combination instruments for mid-IR stellar interferometry and nulling interferometry.
